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I.  Introduction 

This  interim  report  details  activities  under  AFOSR  Grant 
79-0060  during  the  period  of  Jan  1980-March  1981.  That  grant, 
"The  Physics  of  High  Temperature,  Dense  Plasmas."  includes  work 
on  two  projects  in  conjunction  with  the  Advanced  Concepts  Branch 
of  the  Applied  Physics  Division  at  the  Air  Force  Weapons  Labora¬ 
tory  (AFWL).  The  first  is  a  relativistic  electron  beam-(REB) 
heated,  dense  plasma  experiment  using  REB  facilities  at  AFWL,  and 
the  second  is  soft  x-ray  instrumentation  work  pertinent  to  the 
SHIVA  x-ray  simulation  facility.  This  report  primarily  details 
work  in  progress  and  results  achieved  in  the  REB-Plasma 
interaction  experiments,  since  much  of  our  effort  during  the 
period  of  this  report  have  been  directed  at  that  project. 
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II.  Development  and  Characterization  of  Dense  Plasma  Source  for 

REB-Plasma  Heating  Experiments 

There  has  developed  recently  considerable  interest  in  the 
anomalous  heating  of  a  dense  plasma  by  a  relativistic  electron 
beam  [1-3].  Low  power  experiments  [4]  have  indicated  that  the 
relativistic  two-stream  instability  can  cause  a  significant  en¬ 
hancement  over  the  energy  deposition  expected  classically.  Cal¬ 
culations  indicate  that  scaling  to  currently  available  power  sup¬ 
plies  would  allow  a  plasma  of  1018-102°/cm3  density  to  be  heated 
to  30-50  kev.  Our  goal  has  been  to  produce  a  fully-ionized 
hydrogen  plasma  with  a  density  of  2xl0la/cm3  and  a  temperature  of 
5-10  eV  with  small  spatial  gradients.  That  plasma  is  to  be  used 
in  a  REB-plasma  heating  experiment  with  the  low  divergence,  annu¬ 
lar  beam  from  the  PR1590  [5].  The  work  reported  here  is  in  the 
operation  and  characterization  of  the  plasma  source  for  such  an 
experiment  [planned  for  the  final  year  of  our  grant]. 

A.  Results  to  Date 

Our  experiments  take  place  in  the  Plasma  Physics  Laboratory 
at  the  Electron  Beam  facilities  at  the  Air  Force  Weapons  Labora¬ 
tory.  The  plasma  source  used  in  the  experiments  is  a  co-axial 
plasma  gun  [6,7]  which  is  capable  of  operating  either  in  pre¬ 
filled  mode  or  puffed  mode.  In  the  prefilled  mode,  the  plasma 
gun  chamber  is  operated  with  a  backfill  of  the  desired  gas  at  a 
selected  pressure.  In  this  case  the  gun  operates  in  the  "snow¬ 
plow"  mode  whereby  the  plasma  sheath  sweeps  up  the  neutral  gas  in 
front  of  it  and  subsequently  ionizes  it. 

In  the  puffed  mode  the  chamber  is  evacuated  to  below  1 
mtorr,  and  the  gun  discharge  is  initiated  by  the  puffing  of  gas 
into  the  back  of  the  gun  by  an  electromagnetic  puff  valve.  The 
puff  valve  is  backed  by  a  gas  plenin  pressurized  to  20  psi  of  gas 
and  is  operated  with  a  capacitive  discharge  through  a  coil.  When 
a  capacitor  (40  uF)  changed  to  1-5  kV  is  allowed  to  discharge 
through  the  coil,  it  opens  up  the  valve  for  a  short  period  (on 
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the  order  of  a  msec)  and  the  puff  of  gas  that  enters  is  capable 
of  filling  the  gun  up  to  a  few  torr  of  pressure.  In  the  puffed 
mode,  the  gun  operation  is  mainly  via  the  deflagration  process 
with  the  gas  discharge  staying  near  the  insulator.  The  various 
components  of  the  gun  are  shown  in  Figure  II. 1. 

Figure  II. 2  shows  a  diagram  of  the  experimental  set-up.  The 
main  capacitor  bank  is  comprised  of  six  40  pF  (10  kV)  capacitors 
connected  in  parallel.  It  is  switched  by  using  a  krytron  trigger 
circuit  and  an  ignitron  switch.  A  crowbar  circuit  is  incor¬ 
porated  to  avoid  unwanted  LC  ringing.  The  quartz  windows  of  the 
vacuum  chamber  are  used  for  optical  diagnostic  access.  The  plas¬ 
ma  was  fired  in  both  operating  modes  into  a  longitudinal  magnetic 
field.  Since  the  REB-plasma  heating  experiments  are  to  take 
place  in  50-100  kG  fields,  it  is  necessary  to  inject  the  plasma 
into  such  a  field.  The  external  magnet  around  the  drift-tube  is 
capable  of  producing  a  field  in  excess  of  50  kG.  It  is  driven  by 
a  set  of  twelve  180  uF  (8  kV)  capacitors.  Timing  of  the  firing 
sequence  is  accomplished  by  a  Maxwell  trigger-delay  generator 
unit.  All  measurements  and  signals  are  recorded  on  Tektronix 
7000  series  oscilloscopes. 

The  main  objective  of  our  experiment  is  to  produce  a  high- 
density,  fully-ionized  plasma  target  for  a  relativistic  electron 
beam  (REB)  heating  experiment.  The  desired  plasma  parameters  are 
n  >  1018  cm"3  at  a  few  electron  volts  with  small  spatial  gra¬ 
dients.  Since  our  REB  machine  (Pulserad  1590)  produces  a  cold 
annular  beam,  an  annular  plasma  target  is  preferred. 

In  this  paper,  we  will  report  on  studies  of  the  longitudi¬ 
nal  injection  of  the  plasma  into  a  magnetic  field  and  on  the  var¬ 
ious  diagnostics  for  the  measurement  of  the  plasma  density  and 
temperature.  Our  diagnostics  include  visible  light  spectroscopy 
(Stark-broadening  of  Hg  line),  B-dot  probe  measurements, 

Rogowski  current  monitors,  bank  voltage  measurements,  and  streak 
and  framing  photography.  Laser  interferometer  is  currently  being 
set  up  and  electric  probes  are  planned  for  the  near  future. 


Figure  II. 1.  Co-Axial  Plasma  Gun 


Figure  1 1. 2.  Experimental  Arrangement 


1.  Stark  Broadening  Measurement  of  the  He  Line  of 
Hydrogen 

A  half-meter  visible  spectrograph  (Jarrell  Ash  Ebert  scan¬ 
ning  spectrometer,  Model  82-000)  was  used  to  obtain  a  time- 
integrated  spectrum  of  the  plasma.  The  spectra  were  recorded  on 
Polaroid  type  57  film  (ASA  3000),  and  were  then  analyzed  using  an 
analysis  scheme  developed  by  Dr.  M.  Collins  Clark  of  AFWL.  The 
program  running  on  a  POP  11/60  digitizes  the  spectra  (with  the 
use  of  a  (Colorado  Video)  vidicon  camera  and  an  image  digiti¬ 
zer).  The  output  is  in  two  forms,  namely,  a  2-D  array  of  inten¬ 
sities,  and  a  plot  of  the  special  intensity  along  an  energy 
scan.  In  order  to  minimize  measurement  errors  (primarily  elec¬ 
tronic  noise  in  the  vidicon  system),  the  computer  averages  data 
over  1000  line-scans.  Measurements  were  made  for  both  the  pre¬ 
filled  and  the  puffed  modes  of  operation.  These  measurements 
were  done  with  no  external  magnetic  field.  The  drift  tube  in 
this  experiment  was  stainless  steel  and  the  insulator  used  in  the 
gun  was  quartz.  Subsequent  experiments  were  performed  with 
quartz  and  plastic  drift  tubes  to  observe  the  spatial  variation 
of  plasma  visible  light  emission. 

a.  Prefined  Mode. 

The  spectra  for  different  prefilled  pressures  at  7  kV  bank 
voltage  are  shown  in  Figure  II. 3.  It  can  be  seen  that  the  plasma 
is  quite  clean,  with  only  a  small  amount  of  Cu  and  A1  lines  which 
originated  from  the  electrodes  of  the  gun.  Those  lines  probably 
appear  late  in  time,  after  the  discharge  is  over.  Figures  II. 4 
(a),  (b),  and  (c)  show  some  spectra  plotted  by  the  POP  11/60.  As 
the  density  of  the  plasma  increases,  there  is  a  corresponding  in¬ 
crease  of  the  Hg  linewidth.  The  densities  calculated  are  list¬ 
ed  in  Table  1.  Since  the  energy  supplied  remains  constant  (9  kV 
charge)  as  the  prefilled  pressure  is  being  increased,  the  per¬ 
centage  of  ionization  drops  (last  column  in  Table  I). 
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tabfc*£Si£ki 


Prefill  Operation 


Table  1 


Measured  Versus  Computed  Plasma  Density 
as  a  Function  of  Prefill  Gas  Pressures 


Pressure 

(torr) 

Measured 
Plasma  Density 
(cm-3) 

Computed  Gas 
Number  Density 
(cm-3) 

Percentage  of 
Ionization 

0.1 

6.0  x  1015 

6.0  x  1015 

100 

0.3 

1.8  x  1016 

1.8  x  1016 

100 

0.5 

3.0  x  1016 

3.0  x  1016 

100 

1.0 

5.6  x  1016 

6.0  x  1016 

93 

2.0 

7.6  x  1016 

1.2  x  1017 

57.5 

4.0 

1.3  x  1017 

2.4  x  1017 

50 

8.0 

1.3  x  1017 

4.7  x  1017 

23 

Note:  Plasma  gun  being  operated  at  7  kV. 
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b,  Puffed  mode. 

In  this  mode  of  operation,  the  puff  valve  (which  is  backed 
by  a  hydrogen  gas  plenum  at  20  psi)  is  first  fired,  then  at  a 
pre-selected  time  the  gun  bank  is  fired.  With  the  puff-valve 
capacitor  charged  to  1  kV,  the  final  pressure  in  the  gun  chamber 
is  around  2  torr.  Figure  II. 5  shows  the  spectra  obtained  at  dif¬ 
ferent  delay  times  (the  gun  being  fired  at  7  kV).  Densities  cal¬ 
culated  are  shown  in  the  graph  in  Figure  II. 5.  Note  the  transi¬ 
tion  which  occurs  in  the  data  with  delay  time.  The  early  time 
firing  corresponds  to  the  deflagration  case,  while  the  late  time 
corresponds  to  the  pre-fill  case  (since  the  gas  fills  the  gun 
cylinder  prior  to  gun  discharge). 

2.  Injection  into  an  External  Magnetic  Field 

Plasma  injection  into  an  external  magnetic  field  of  up  to  30 
kG  was  examined  in  the  prefilled  mode.  The  stainless  steel  drift 
tube  was  replaced  by  a  plastic  (Lexan)  one  to  enable  measurement 
of  the  B-dot  signal  corresponding  to  plasma  arrival.  The  origi¬ 
nal  quartz  insulator  in  the  gun  was  replaced  by  a  polycarbonate 
(Lexan)  insulator,  due  to  delay  in  acquiring  quartz  replace¬ 
ments.  Visible  line  spectra  obtained  are  shown  in  Figure  II. 6. 

It  can  be  seen  that  the  Lexan  insulator  has  introduced  copious 
amounts  of  impurities  into  the  plasma.  As  the  magnetic  field  in¬ 
creases,  the  HB  linewidth  decreases,  indicating  that  the  plasma 
which  penetrates  the  field  has  lower  density.  It  can  also  be 
seen  that  at  high  voltages,  the  linewidths  are  larger.  Thus  a 
more  energetic  plasma  penetrates  more  easily  into  the  B-field,  as 
expected.  For  further  work  we  have  gone  to  a  20  Kv  gun  which  can 
operate  at  higher  densities  and  higher  total  energies. 

3.  Framing  and  Streak  Photography 

Some  framing  and  streak  photographs  were  taken  with  a  TRW 
image-converter  camera.  A  quartz  target  was  introduced  into  the 
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window  region  of  the  drift-tube  as  shown  in  Figure  II. 7.  This 
provided  a  target  for  the  plasma,  and  the  resulting  scintillation 
of  the  quartz  was  observed  by  the  camera.  Preliminary  results 
are  shown  in  Figures  II. 8,  II. 9,  and  II. 10.  A  black  mask  covered 
the  view-port  except  for  a  horizontal  slit,  and  the  camera 
streaked  the  image  normal  to  that  slit.  As  a  result  of  placing 
the  quartz  target  diagonally  in  the  chamber  (Figure  II. 7),  the 
streak  picture  shows  a  different  time  of  arrival  of  the  plasma 
across  the  image.  These  preliminary  results  show  that  the  plasma 
is  relatively  uniform,  except  for  a  possible  m=0  oscillation. 

4.  B-Dot  Loop  Measurements 

Only  a  limited  number  of  8-dot  measurements  have  been 
recorded.  Some  results  are  shown  in  Figure  II. 11.  Detailed 
analysis  and  calculations  have  yet  to  be  completed.  However, 
from  the  signals  recorded,  it  is  quite  clear  that  as  the  plasma 
enters  the  field,  it  excludes  the  field,  but  while  traversing 
through  the  magnetic  field  region,  the  field  is  able  to  diffuse 
and  is  frozen  into  the  plasma.  When  the  plasma  leaves  the 
magnetic  field  region  it  drags  some  field  inwards  (indicated  by 
the  positive  spike  in  signal  5  in  Figure  II. 11.  Analysis  of  this 
data  allows  a  measurement  of  plasma  conductivity,  hence 
temperature,  in  the  field  region. 

B.  Remaining  Work  During  Period  of  Grant 

Since  February  1981,  an  improved  plasma  gun  (Figure  11.12) 
has  been  installed  in  the  plasma  physics  laboratory.  The  new  gun 
was  designed  by  Dr.  M.  Collins  Clark  based  on  our  previous  work. 
This  gun  is  also  capable  of  operating  in  both  prefilled  and 
puffed  modes.  Primary  advantages  are  the  ability  to  carry  larger 
current  and  operate  at  higher  gas  pressure.  Two  puffing  methods 
are  available;  the  first  type  uses  a  foil  (Kapton)  bursting  (by 
over-pressure)  technique  and  the  second  type  uses  an  electro- 
magnetical  ly-operated  puff  valve.  (The  electromagnetic 
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Figure  11.11.  R-Dot  Probe  Results 


puff  valve  is  still  in  the  testing  phase.)  Both  of  these  are 
capable  of  delivering  a  large  puff  of  neutral  gas  into  the 
chamber . 

In  order  to  understand  the  operation  of  this  new  gun  at 
higher  total  gun  energy  than  previous  work,  all  the  diagnostics 
discussed  above  will  be  repeated.  Furthermore,  a  laser  holo¬ 
graphic  interferometer  using  a  Ruby  laser  is  currently  being  set 
up  in  the  laboratory  for  measuring  2-D  plasma  density  profiles. 
Other  diagnostics,  namely,  Faraday  cup,  calorimeter,  small  mag¬ 
netic  probes,  and  electric  probes  will  also  be  used  on  the  sys¬ 
tem.  Experiments  involving  injection  of  the  pTasma  into  a  long 
drift  tube  with  and  without  external  magnetic  field  will  also  be 
continued.  Some  streak  and  framing  photographs  have  been  taken 
of  the  injection  into  the  long  transparent  plastic  drift  tubes 
with  a  target  foil/plate  situated  at  various  distances  down¬ 
stream.  Results  have  not  been  analyzed,  but  will  appear  in  our 
next  report.  A  second  gun  has  been  constructed  and  will  soon  be 
installed  on  the  PR  1590  REB  machine  to  do  the  REB-plasma  heating 
experiment.  The  presence  of  two  identical  guns  in  the  lab  will 
allow  continued  development  of  the  source  during  the  heating 
experiments.  Results  of  that  heating  experiment,  including  plas¬ 
ma  density  and  temperature  measurements  prior  to  and  after  REB 
passage,  will  be  discussed  in  our  final  report. 
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III.  Intense  REB-Neutral  Gas  Heating  Experiments 

A.  Results  to  Date 

As  a  prelude  to  studying  the  interaction  of  a  Relativistic 
Electron  Beam  with  a  plasma,  we  examined  the  results  of  beam  in¬ 
jection  into  a  neutral  gas  [8].  This  section  will  describe  those 
experiments,  with  primary  emphasis  on  the  diagnostics  which  were 
developed  to  examine  the  resulting  plasma.  In  particular,  we 
wished  to  investigate  the  measurement  of  the  Stark-broadened 
hydrogen  H0  spectral  line  as  a  beam-plasma  electron-density 
diagnostic. 

For  most  of  these  experiments,  the  PR  1950  (REB  machine) 
was  configured  with  a  5  cm  diameter  solid  cylindrical  cathode 
tip,  a  2  to  5  cm  vacuun  diode  gap,  and  a  carbon-coated  25  un 
thick  Kapton  anode  foil.  The  polycarbonate  anode  foil  permitted 
injection  of  the  6  MeV,  100  KA  beam  into  a  30  cm  diameter,  3  m 
long  stainless  steel  drift  tube  backfilled  with  neutral  hydrogen 
gas  at  pressures  of  one  torr  to  several  hundred  torr.  The  low 
effective  Z  of  the  foil  kept  anode  scattering,  and  hence  beam 
temperature,  low.  In  addition  to  the  usual  Rogowski  coil  current 
monitors  and  diode  voltage  monitor,  a  carbon  calorimeter  and  0.5 
m  visible  spectrometer  were  routinely  employed  to  measure  trans¬ 
ported  beam  energy  and  Hg  profiles,  respectively. 

Stark-broadening  theory  for  the  hydrogen  Balmer  spectral 
lines  is  well  understood  [9,10]  and  has  been  verified  in  arc  dis¬ 
charge  experiments  [11].  In  particular,  the  H8  (2s  -  4p)  tran- 
sition  exhibits  a  FWHM  which  scales  as  ne  /  ,  essentially 
independently  of  temperature,  over  the  range  1014  -  10 17  elec¬ 
trons/cm3  and  a  fraction  of  an  eV  to  several  eV  (Figure  1 1 1 . 1 ) . 

Furthermore,  this  line  lies  in  the  blue  region  of  the  visible 
spectrun  (4861  A)  and  is  relatively  well  isolated,  making  it  an 
attractive  candidate  for  an  electron-beam  plasma-density  diagnos¬ 
tic.  To  measure  the  Hg  linewidth  a  Jarrell -Ash  stigmatic  0.5m 
spectrograph  was  set  up  to  view  the  beam  propagation  channel  per- 
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Figure  III.l.  Calculated  half-width  of  the  Balmer  line  Hs  as  a  function  of  elecl 
density  for  the  temperature  range  from  5000  to  40,000  K.  (from  rel 
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pendicular  to  the  drift  tube  axis  (Figure  III. 2).  The 
spatially-resolved  Hg  profiles  obtained  were  converted  to 
radial  profiles  via  an  Abel  inversion  [13],  and  the  half-widths 
used  to  determine  radial  electron-density  distributions. 

1.  Spatially-Resolved  Stark-Width  Measurement  Technique 

Preliminary  to  taking  data,  the  spectrograph  was  aligned 
according  to  the  procedures  outlined  in  the  factory  manual.  In 
addition  to  adjusting  the  focus  and  optimizing  the  resolution, 
the  variable  entrance  slit  width  was  calibrated  using  the  dif¬ 
fraction  pattern  produced  by  a  He-Ne  laser.  For  most  experi¬ 
ments,  the  slit  was  set  at  200  ym,  giving  an  instrument  resolu¬ 
tion  of  approximately  3  A.  Kodak  Royal  X-Pan  4  x  5  in.  cut  film 
was  selected  to  record  the  spectra  because  of  its  high  sensitiv¬ 
ity.  The  film  speed  was  pushed  by  development  for  4  min  in  the 
Kodak  D-19  developer.  The  spectrograph  exit  plane  dispersion  and 
relative  film  response  were  measured  in  situ  using  a  neon  cali¬ 
bration  lamp  at  several  wavelengths  near  hydrogen  Hg.  The 
instrument  dispersion  was  found  to  be  16.06  A/mm  in  the  vicinity 
of  4861  A.  To  determine  the  relative  film  response,  the  calibra¬ 
tion  spectra  for  different  exposure  times  were  scanned  with  a 
diffuse  microdensitometer  (Perkin-Elmer) .  The  relative  expo¬ 
sures,  in  optical  density  units  above  background  fog,  were  found 
to  obey  the  simple  empirical  relationship 

D  =  a  +  b  In  t  ,  (1) 

where  0  is  in  optical  density  units,  t  is  the  exposure  time  in 
seconds,  and  the  parameters  a  and  b  were  determined  from  linear 
least-squares  fitting  of  the  data.  Table  1  shows  the  values  of 
the  fitting  parameters  obtained  at  selected  Nel  wavelengths. 

From  these  values,  a  and  b  for  the  Hg  line  at  4861  A  were  esti¬ 
mated  to  be  -0.43  and  +0.2,  respectively. 

To  match  the  f/8  numerical  aperture  of  the  spectrograph, 
external  optics  consisting  of  two  45'  mirrors  and  an  apertured 
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150  mm  focal -length  lens  were  used  to  image  a  1.5  mm  long  section 
of  the  plasma  channel  onto  the  entrance  slit  with  a  magnification 
of  0.14. 

A  carbon  calorimeter  located  at  the  end  of  the  drift  tube 
and  Rogowski  coils  mounted  along  the  inside  of  the  tube  measured 
transported  scan  energy  and  net  beam  current,  respectively. 
Additionally,  for  several  shots,  a  plastic  witness  foil  was  taped 
to  the  anode  to  record  the  injected  beam  intensity  pattern. 

Hg  spectra  were  recorded  at  fill  pressures  of  1,  2,  5, 

10,  20,  50,  100,  and  200  torr.  A  typical  record  is  shown  in  Fig¬ 
ure  III. 3.  Determining  the  radial  electron  density  profile  from 
such  a  record  involved  the  following  steps.  First,  the  record 
was  microdensitometered  and  the  optical  density  stored  as  a 
function  of  position  in  a  200  by  100  array  on  magnetic  tape.  The 
microdensitometer  spot  size  was  100  ijt)  square,  and  the  resulting 
image  field  was  2  cm  in  the  spatial  (x)  direction  and  1  cm  in  the 
dispersion  (y)  direction.  Next,  the  data  was  transferred  to  a 
PDP  11  data  file  for  interactive  analysis  performed  by  a  sequence 
of  processing  subroutines.  The  first  of  these  scanned  the  data 
field  and  subtracted  out  the  background  fog  density.  The  next 
converted  optical  densities  to  relative  spectral  intensities, 
I(x,y),  using  the  film  response  calibration  information  of 
Equation  (1).  At  this  point  it  was  necessary  to  transform  the 
spatial  intensity  profiles  to  radial  emissivity  profiles  by  Abel 
inversion.  Since  the  Hg  line  is  an  optically  thin  transition, 
the  intensity  of  the  line  at  the  detector  (entrance  slit)  is  the 
line  integral  across  chords  of  emitting  disk  as  shown  in  Figure 
III. 4.  If  the  emissivity  is  assumed  to  be  azimuthal ly  uniform, 
the  intensity  is  given  by 

(r2-x2)1(/2  r 

Iv(x)  =  lj  c(r)  dz  =  2/  °  [re(r)/(r2  -  x2)1/2]  dr  , 

3  0  x 
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where  e  is  the  emissivity,  r0  is  the  plasma  radius,  and  the 
plasma  is  observed  in  the  z  direction.  The  radial  emissivity 
profile  is  then  given  by  the  Abel  inversion  integral. 


e(r)  «  - 


(x 


dl(x)/dx 

r.7ji7? 


dx  . 


(3) 


Thus,  at  each  wavelength  location  (y  location  on  the  film), 
the  spatial  (x)  intensity  distribution  had  to  be  inverted  accord¬ 
ing  to  equation  (3).  This  was  accomplished  by  first  calling  a 
subroutine  which  fits  a  polynomial  to  the  data  Iy(x), 


where  N  was  determined  by  minimizing  the  reduced  chi-squared  val¬ 
ue  of  the  fit  for  1  <_  N  <  10  [14].  To  ease  the  job  of  fitting, 
the  Iy(x)  data  was  split  into  two  halves,  I^(x)  and  Ig(x), 
and  each  fit  separately,  as  shown  in  Figure  III. 5.  By  comparing 
the  two  halves,  we  were  able  to  check  for  azimuthal  uniformity  in 
a  gross  fashion.  With  Iy(x)  represented  by  polynomials,  the 
inversion  integrals  were  performed  analytically  by  another  sub¬ 
routine  which  made  use  of  formulae  from  tables  of  integrals 
[15].  Finally,  the  resultant  e/\(r)  and  eg(r)  were  reconsti¬ 
tuted  as  wavelength  profiles  at  different  radii  and  plotted  as  in 
Figure  III. 6.  From  these  profiles,  the  half-widths  were  esti¬ 
mated  and  corresponding  electron  densities  determined  and 
plotted. 


2.  Results  of  Measurements 

Figure  III. 7  shows  a  plot  of  net  beam  current  and  total 
transported  energy  versus  fill  pressure.  Inet  is  monotonical ly 
increasing  with  pressure,  whereas  energy  transport  is  peaked  at 
20  torr,  with  significant  energy  transported  up  to  100  torr.  The 
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Figure  III. 5.  Top  and  bottom  relative  intensity  data  and 
polynomial  fit  to  data 
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II. 6.  Results  of  Abel  inversion  depicting  line  profiles 
for  top  and  bottom  at  a  radius  of  2.1mm. 
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TRANSPORTED  ENERGY 


Transported  energy  and  net  current  as  functions  of  fill  pressure 
PRESSURE  (TORR) 


increasing  net  current  indicates  a  decreasing  plasma  current  neu¬ 
tralization,  as  one  would  expect,  since  collision  rates  (and 
therefore,  resistivity)  are  increasing  with  density.  The  peak  in 
transported  energy  is  consistent  with  the  physical  picture  of  a 
transition  to  quasi-stable  pinched  beam  propagation  as  the  cur¬ 
rent  neutralization  falls  below  the  charge  neutralization,  allow¬ 
ing  self-fields  to  create  radial  forces.  This  interpretation  is 
substantiated  by  the  Hg  records,  which  show  plasma  diameters  of 
approximately  injection  size  (Figure  III. 8)  for  pressures  below 
20  torr,  and  diameters  less  than  1  cm  for  pressures  of  20  torr 
and  higher. 

Finally,  the  results  of  the  Stark-broadened  profile  analy¬ 
sis  for  the  20  torr  shot  are  shown  in  Figure  III. 9.  Although 
there  is  significant  scatter  in  the  interpreted  densities,  one 
may  infer  a  peak  density  of  slightly  greater  than  1016 
electrons/cm3,  or  about  1  percent  of  the  hydrogen  atom  number 
density  for  a  room  temperature  fill  of  20  torr.  Similar  values 
of  peak  ne  were  obtained  up  to  100  torr,  after  which  the  line 
intensities  were  too  low  to  allow  quantitative  analysis. 

Although  the  analysis  technique  described  above  usually 
produced  believable  electron  density  estimates,  there  were  cases 
for  which  the  Abel -inverted  Hg  line  profiles  bore  little  or  no 
resemblance  to  any  realistic  profile.  This  was  especially  true 
in  the  line  wings  and  plasma  boundaries  where  intensities  were 
low  and  signal -to-noise  ratios  poor.  It  has  recently  been  sug¬ 
gested  that  an  improvement  in  the  Abel  inversion  can  be  achieved 
by  using  a  cubic  spline  fit  minimizing  variations  in  the  first 
derivative  for  the  spatial  intensity  data  rather  than  using  a 
polynomial  fit  [16].  It  may  be,  however,  that  these  experiments 
are  inherently  azimuthal ly  nonuniform  and,  therefore,  inappropri¬ 
ate  for  Abel  inversion  at  all  [17].  Perhaps,  in  this  case,  the 
superposition  of  data  from  many  cumulative  shots  could  be  used  to 
obtain  average  density  profiles. 
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Figure  III. 8.  Contact  print  of  anode  witness  foil. 
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RADIUS  (mm) 

SHOT  10668 

RADIAL  DENSITY  PROFILE 


Figure  III. 9.  Top  (x)  and  bottom  (  )  radial  density  profiles 

interred  from  Abel  inverted  relative  intensity 
data  for  20  torr  shot. 
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Another  problem  which  needs  to  be  addressed  is  the  time 
history  of  the  line  emission.  That  is,  the  spectrograms  recorded 
in  these  experiments  were  time-integrated,  and,  at  best,  repre¬ 
sent  a  crude  weighted  average  description  of  complex  time- 
dependent  phenomena.  An  independent  time  and  space  resolved 
measurement  such  as  infrared  interferometry  would  be  useful  in 
ascertaining  the  validity  of  this  diagnostic  technique. 

B.  Remaining  Work  during  Period  of  Grant 
The  REB-neutral  gas  experiments  were  a  useful  exercise  for 
checking  out  spatially-resolved  plasma  density  measurements. 
Calorimeter  and  Rogowski  diagnostics  allow  beam  energy  deposition 
efficiency  to  be  computed.  All  of  these  diagnostics,  as  well  as 
additional  plasma  temperature  measurements  will  be  fielded  for 
the  REB-plasma  heating  experiments  to  be  done  in  the  final  year 
of  our  grant. 
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IV.  Diagnostic  Development  for  X-Ray  Simulation  Source  (SHIVA) 

The  Air  Force  Weapons  Laboratory  is  continuing  to  develop 
and  investigate  imploding  liner  plasma  generation,  experimentally 
and  theoretically  [18].  The  present  experiments  involve  dis¬ 
charging  a  226pF,  100-200  KV,  1.4  psec  capacitor  bank  through  a 
70  run  radius  by  20  nm  long  cylindrical  foil  (120-300  pg/cm2 
aluminized  formvar  {C 5H802} )  in  a  low  inductance  (3  nH)  vacuum 
diode.  Typical  discharge  parameters  are:  peak  current  of  10-12 
MA,  1.2  to  1.8  psec  current  rise  time,  1.2  to  1.8  psec  implosion 
time,  and  peak  electrical  power  of  0.7  Terrawatts.  Radiation 
pulses  (assuming  isotropic  emission)  as  large  as  -250  KJ  with 
pulse  widths  (FWHM)  ranging  from  80  to  200  nsec  and  rise  times  as 
short  as  40  nsec  are  obtained. 

In  this  report,  we  discuss  spectral  and  spatial  data  ob¬ 
tained  with  a  grazing  incidence  spectrograph.  The  particular 
SHIVA  experiments  on  which  the  spectrograph  data  were  taken  were 
100  KV,  1.3  MJ  implosions  of  160  pg/cm2  foils.  The  radiation 
output  (isotropic  assumption)  was  -100  KV  and  -100  nsec,  and 
time-resolved,  filtered  X-ray  photoelectric  diode  measurements 
were  made  for  comparison  with  the  grazing  incidence  spectrograph 
results. 

The  imploding  liner  chamber  and  X-ray  diagnostic  geometry 
are  illustrated  in  Figure  IV. 1.  Chamber  design  limits  diagnostic 
access  to  the  axial  direction.  Since  blast  and  debris  from  the 
experiment  are  significant,  passive  diagnostics  require  the  use 
of  fast  closure  shutters.  Two  types  of  shutters  were  used  in 
series  to  protect  the  grazing  incidence  spectrograph.  The  slow 
shutter  is  a  pneumatic  piston-blade  shutter  which  closes  a  10  mm 
gap  in  -600  usee  [19].  The  fast  shutter  uses  a  240  pF,  5  KV,  7 
psec  rise  time  bank  to  theta-pinch  a  25  mm  diameter,  .25  nm  wall 
aluminum  cy 1 i nder  [ 20] . 
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SCHEMATIC  OF  SHIVA  DIAGNOSTIC  GEOMETRY 
WITH  GRATING  SPECTROGRAPH 
(NOT  TO  SCALE) 
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The  grazing  incidence  spectrograph  detailed  geometry  and 
useful  relations  are  indicated  in  Figure  IV. 2.  The  instrument 
was  purchased  from  Grazing  Measurements  Limited  [21]  and  has  the 
following  parameters.  A  micro-machined  Rowland  circle  and 
precision-manufactured,  factory-aligned.  X-ray  phase  lamellar 
gratings  provide  ease  of  alignment  and  rapid  grating  inter¬ 
change.  Using  a  grazing  incidence  angle  of  0. 5-4.0  degrees,  the 
316  1/itm  concave  grating  (5  m  radius  of  curvature)  allows  a  wide 
range  of  energy  coverage.  A  precision  adjustable  entrance  slit 
and  emulsion  plate  holder  make  up  the  remaining  components  of  the 
spectrograph.  A  separate  spectrograph  vacuum  pump  allows  the 
system  to  be  maintained  at  5  x  10“ 6  Torr  during  an  experiment, 
independent  of  the  main  chamber  vacuum.  For  the  particular 
experiment  described  here,  the  grating-plate  and  grating-enlrance 
slit  distances  were  0.25  m  and  0.18  m,  respecti vely,  yielding  a 
grazing  angle  of  2.5  degrees  and  an  energy  coverage  of  80  to  580 
eV  in  first  order.  The  photographic  plates  used  for  spectral 
recording  were  Ilford  Q2  plates.  Calibrations  of  Hobby  and  Pea¬ 
cock  [22],  as  well  as  our  in-house  calibrations  were  used  to  com¬ 
pute  system  response.  The  grating  reflectivities  were  indepen¬ 
dently  measured  at  the  National  Physical  Laboratory  at  Imperial 
College,  London,  England  [23]. 

In  order  to  obtain  time-integrated,  spatial  profiles  of  the 
emitting  plasma  region,  and  imaging  knife  edge  was  used  with  the 
grazing  incidence  spectrograph.  Penumbral  analysis  of  images 
occluded  by  such  an  imaging  element  allow  a  spatial  emission  pro¬ 
file  to  be  obtained.  We  have  previously  reported  [24]  the  use  of 
such  a  technique  with  bent  crystal  spectrographs.  The  position 
of  the  imaging  knife  edge  is  shown  in  Figure  1.  Note  that  the 
knife  edge  perpendicular  to  the  entrance  slit  of  the  spectro¬ 
graph.  Thus,  the  image  information  is  stored  in  the  non- 
dispersive  direction  on  the  plate. 
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A  positive  print  of  the  spectrograph  plate  obtained  on  the 
SHIVA  shot  is  shown  in  Figure  IV. 3.  An  entrance  slit  of  20  un 
was  used,  along  with  a  light  filter  of  50  ug/cm2  carbon.  The 
spectrum  shown  runs  from  80  eV  to  580  eV  in  first  order.  It  is 
noteworthy  that  the  spectrum  below  about  120  eV  is  dominated  by 
continuum,  the  spectrum  above  C-Ka  (284  eV)  is  dominated  by 
emission  lines,  and  the  region  between  these  points  is  continuum, 
overlaid  with  strong  absorption  lines.  A  microdensitometer  scan 
of  the  data  is  shown  in  Figure  IV. 4.  There  is  a  strong  absorp¬ 
tion  feature  at  Carbon  Ka,  characteristic  of  the  light  filter 
used  on  the  experiment.  There  are  roughly  30  emission  lines 
which  are  identified  in  Table  1.  A  number  of  the  more  intense 
absorption  lines  are  identified  in  Table  2. 

The  emission  spectrum  is  primarily  due  to  Al+1°  and  C+5 
with  components  of  0+6  and  other  high  ionization  states  of  Al. 
These  are  characteristic  of  a  100-200  eV  plasma.  Previously 
reported  bent  crystal  spectrograph  data  on  similar  shots  indi¬ 
cated  an  emitting  region  density  of  ~1020  cm-3,  150-200  eV, 
few  mm  diameter  core,  surrounded  by  a  102°-1021  cm-3,  250-300 
eV,  -1  cm3  region,  which  is  in  turn  surrounded  by  a  lower  dens¬ 
ity,  -40  eV,  few  cm3region.  The  higher  temperature  regions  of 
the  plasma  would  be  responsible  for  the  emission  lines  seen  in 
the  grazing  incidence  spectrum.  Typical  line  widths  of  the  C+5 
(C-VI)  ls-np  series  is  shown  in  Figure  IV. 5.  Following  computa¬ 
tions  of  Kepple  and  Griem  (Reference  28),  we  estimate  that  these 
lines  were  emitted  from  a  region  of  electron  density  (ne)  <  4  x 
1020/cm3.  Another  series  also  shown  is  the  2s-np  series  from 
Al10+  (Al-XI).  Estimates  of  linear  Stark  broadening  indeicate 
a  density  (ne)  l022/cm3.  Thus  we  conclude  the  brightly  emit¬ 
ting  Al10+  and  C5+  are  in  different  regions  (densities)  of 
the  plasma.  This  is  consistent  with  the  2D-MHD  computational 
results. 
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Figure  IV. 4( 
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Tacle  2 

ABSORPTION  LINE  IDENTIFICATION 


A1  VI  2p4-2p3(  2P#)3s  ( 103.94A) 

A1  A1  VI  2p4-2p3( 20° )3s  (104. 05A) 

A1  VI  2p4-2p3( 2D°)3s  (104. 34 A) 

A1  VI  2p4-2p3( 20° )3s  (104. 47A) 

A2  A1  V  2p5-2p4(3P)3d  (107. 71A,  107. 94A,  108. OOA,  108. 06A, 

108. 11  A,  108. 32 A,  108. 38 A,  108. 40 A, 
108. 45A,  108. 46A) 

A3  0  VI  2s-4p  (115. 82A) 

0  VI  2p-5d  ( 116. 35 A,  116. 42A) 

A4  0  VI  2p-4d  ( 129.79 A,  129. 87A) 

A5  0  V  2s2p-2s5d  (138.03A,  138. 05A,  138.11A) 

A6  A1  V  or  A1  VI  (85. 6 A) 

(85. 8A) 

A7  A1  V  or  A1  VI  (87. OA) 

(87. 3A) 

A8  A1  V  or  A1  VI  (87. 4 A) 
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Figure  IV. 5.  Line  Widths;  Stark  Effect 
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The  absorption  spectrum  observed  in  this  data  is  principal¬ 
ly  due  to  low  ionization  states  of  Aluminum  and  Oxygen  (Al+4 
and  Al+5;  o+l+  and  0+5).  These  lines  suggest  that  the  hot, 
inner  plasma  core  is  shining  through  a  cooler,  absorbing  plasma 
envelope.  The  presence  of  a  low  temperature  axial  plasma  plume 
was  first  observed  in  this  spectrograph  data,  and  subsequently 
seen  in  our  2D-MHD  simulations.  Of  about  150  emission  lines  ob¬ 
served  in  the  spectrum,  we  have  identified  roughly  100.  Most  be¬ 
long  to  this  group  of  low  ionization  state  0  and  A1  lines.  The 
temperature  inferred  from  the  ionization  state  of  these  atoms  is 
roughly  40  eV,  consistent  with  the  2D-MHD  results  presented  in 
Figure  IV. 6.  Also  consistent  with  this  temperature  is  an  appar¬ 
ent  peak  in  the  continuum  at  about  100  eV,  although  this  result 
is  tentative,  pending  further  low  energy  calibration  of  the  spec¬ 
trograph  system.  The  spectral  unfold  of  x-ray  diode  data  taken 
on  the  same  shot  is  shown  in  Figure  IV. 7.  A  discussion  of  the 
time-resolved  spectral  unfold  procedure  was  presented  earli¬ 
er. [27]  Note  the  evidence  of  multiple  temperature  components, 
consistent  with  both  2D-MH0  predictions  and  observed  spectro- 
graphic  data.  A  rough  comparison  of  the  integrated  emission 
spectrum  as  measured  by  the  grazing  incidence  spectrograph  is 
also  included  for  comparison.  The  absolute  level  of  the  results 
are  awaiting  further  improvement  in  calibration  at  the  energy 
levels  of  interest. 

Some  of  the  spatial  information  contained  in  the  spectro¬ 
graph  data  is  shown  in  Figure  IV. 8.  This  figure  displays  the 
microdensitometer  scan  down  the  length  of  the  Al+12  (2s-3p) 
line  at  320  eV.  The  intensity  variation  indicated  by  the  circled 
letter  A  contains  the  penumbral  spatial  profile  from  an  imaging 
element  (knife  edge).  The  emitting  region  has  a  computed  width 
of  3.3  mm.  Figure  IV. 9  (a  and  b)  shows  the  continuum  scans  at 
slightly  higher  and  lower  energies  than  the  line  in  Figure  IV. 8. 
The  continuum  emitting  regions  have  a  computed  width  of  8.0  mm. 
Scans  of  other  emission  lines  show  emission  regions  which  vary 
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from  1.6  mm  to  3.5  mm.  This  data  is  to  be  compared  with  the 
multicomponent  plasma  displayed  by  the  2D-MHD  simulation,  and  is 
consistent  with  those  results.  It  should,  however,  be  considered 
tentative,  awaiting  further  data  analysis. 

In  conclusion,  the  low  energy  spectrum  (80-580  eV)  obtained 
by  a  grazing  incidence  spectrograph  offers  new  insight  to  the 
spatial  and  spectral  structure  from  an  imploding  liner  experiment 
such  as  AFWL's  SHIVA.  The  results  presented  here  indicate  the 
presence  of  a  low  temperature  (-40  eV)  axial  plasma  plume,  fil¬ 
tering  the  emission  from  a  hot  (100-200  eV)  plasma  core. 


V.  CONCLUDING  REMARKS 

The  interest  in  the  experimental  interaction  of  intense, 
cold  REB's  with  dense  plasmas  has  continued  to  grow,  both  on  the 
computational  (theoretical)  side  [29-34]  and  on  the  experimental 
side  [35-36].  We  expect  our  experimental  results  to  have  a 
strong  impact  on  determining  the  future  direction  of  such  pro- 
gramatic  efforts.  Preliminary  results,  mainly  diagnostic  and 
plasma  source  development  have  been  presented  at  a  number  of 
national  technical  meetings  [37-38].  Details  of  the  continued 
success  of  the  SHIVA  X-ray  simulation  program  have  been  presented 
elsewhere  [39-40].  Our  contributions  to  the  development  and 
implementation  of  essential  diagnostics  has  also  been  discussed 
at  national  meetings  [41-42]. 
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